Hair is evaluated and compared with urine as biomonitor for human intake of uranium. Concentrations of 234 U and 238 U and the activity ratio between them are measured in the hair, urine and drinking water of 24 drilled bedrock well water users in Östergötland, Sweden. The samples are measured with α-spectrometry after radiochemical preparation using liquid-liquid separation with tributylphosphate.
INTRODUCTION
Studies on the intake levels of natural radionuclides are performed in order to assure that individuals are not exposed to elevated levels. The excretion in urine is often used as a measure, but scalp hair has also been discussed as a possible biomonitor for certain radionuclides.
Uranium is a primordial alpha-emitting heavy metal found mainly in granites and pegmatites in minerals such as oxides, phosphates, carbonates and silicates. The species of uranium found in ground water vary depending on source material, physical and chemical parameters controlling the release, pH value, reduction potential and the character and flow parameters of aquifers. Drinking water from drilled bedrock wells in Finland has shown a predominance of calcium uranyl carbonates (Prat et al. 2009 ). As part of radioactive decay series, uranium is usually found together with its decay products in drinking water. Intake of radium, thorium, polonium and radon generally contribute more to radiation dose than uranium (Isam Salih et al. 2002 , Jia et al. 2009 ). Epidemiological studies on intake of naturally radioactive water have shown evidence of uranium nephrotoxicity (Wrenn et al. 1985) and radium bone carcinogenicity (Finkelstein and Kreiger 1996) . Animal studies have shown association between uranium in kidneys and renal metabolism of xenobiotics and vitamin D-and iron-homeostasis. Furthermore, uranium-induced oxidative stress and alteration of gene expression in metabolic pathways, cell signaling, and trafficking, has been reported. There is also a documented association between uranium concentration in drinking water and indicators of bone resorption (Canu et al. 2011) .
The World Health Organization (WHO) guideline value for uranium in drinking water is 0.03 mg l respectively, which serves to assure that the annual dose from drinking water does not exceed 0.1 mSv to members of the public (WHO 2011 (Isam Salih et al. 2002) . This corresponds to an annual intake of approximately 100 Bq 238 U, assuming a water consumption of 1.5 l/day. If compared to data obtained from a European study on uranium in foodstuffs (EFSA 2009) , in which uranium concentrations of typical food baskets in 17 countries are compiled, one can conclude that intake by water here likely was the predominant source of uranium intake; For a person weighting 70 kg, the tabulated values result in a calculated annual median overall foodstuffs intake of about only 8 Bq 238 U. In order to properly determine the dose resulting from ingestion of water containing uranium, knowledge about the uranium isotopic composition is important. In such assessments secular equilibrium between 238 U and 234 U is often simplistically assumed (UNSCEAR 2000) (Spencer et al. 1990) , ignoring that 234 U is usually elevated versus 238 U in ground water and bedrock well water (Ivanovich and Harmon 1982 , Isam Salih et al. 2002 , Karpas et al. 2005b ). This implies that for the same amount of uranium in µg l -1 the total uranium activity concentration may be more than double that of equilibrium. Another aspect of the activity ratio 234 U/ 238 U is that it may serve as a signature of exposure sources after intake. However, analysis of 234 U at mBq l -1 levels requires sensitive radiometric analysis, e.g. by radiochemical separation followed by alpha spectrometry. Analysis by inductively coupled plasma mass spectrometry (ICP-MS) may suffice if an efficient nebulization device is connected to the ICP-MS (Karpas et al. 2005b) .
In order to properly assess the radiation exposure from uranium intake, the absorption factor, f, i.e. the fraction of ingested uranium that is transferred to the blood, is essential. The International Commission on Radiological Protection (ICRP 1995) propose an absorption factor for members of the public of 0.02 (adult non-occupational). Studies have, however, shown values of ranging from 0.009 (Zamora et al. 2002 ) to 0.20 (ICRP 1979 with the latter proposed for uranium in organically complexed food. The compartment model proposed by (ICRP 1995) shows the transfer and retention in different body parts. It can be used for dose calculations in software such as IMBA (Birchall et al. 2003) or SAAM II (Barrett et al. 1998) . However, the model does not include hair as an excretion pathway. Li has proposed a revised model to include the hair compartment (Li et al. 2009 ). Uranium excretion in hair has been described in several studies (Gonnen et al. 2000 , Rodushkin and Axelsson 2000 , Mohagheghi et al. 2005 , Karpas et al. 2005a , Akamine et al. 2007 , D'Ilio et al. 2010 , Kehagia et al. 2011 , Zunic et al. 2012 . One advantage of it may be the possibility to use hair shafts for chronological studies as the uranium is stored inside the hair. This has been done using laser ablative (LA-) ICP-MS (Elish et al. 2007 ). Preliminary studies using micro x-ray fluorescence (µ-XRF) conducted by the authors have also shown promising results in this regard.
In the present paper a study on the excretion of uranium in hair and urine in relation to the intake from drinking water is performed on 24 drilled bedrock well water users. Hence, the exposure is natural and relevant to members of the public. The hypothesis tested here is that the hair is more reliable as an indicator of chronic uranium exposure than urine. By using alpha spectrometry 
MATERIALS AND METHODS

Sampling program and sample preparation
Inhabitants of Östergötland county, Sweden, with water supply from drilled bedrock wells have previously participated in a study of their drinking water (Isam Salih et al. 2002) . Hence, for the present study 24 volunteers were selected from the sites where a high uranium concentration in water was found. The subjects were 46-79 years old (median 65 years) and had used their wells for 15-50 years (median 22 years). Each subject was asked to estimate the fraction of their water intake that typically comes from their well. This fraction is here called usage fraction, , and is shown in table 1. Water, urine and hair samples were collected. After running for 20 seconds, cold water, about 5 l, was taken from the kitchen tap and stored in plastic cans. The urine samples were collected over a 24 h period and each was stored in a plastic can. Both urine and water samples were stored in acidic condition (0.1 M HCl). The hair samples, about 0.5 g, were cut from the back of the scalp. The sample amounts used for analysis were approximately 1 kg of water, 0.2 kg of urine and 0.2 g of hair. The hair length varied from 5 to 200 mm between individuals.
The hair and urine samples were stored frozen prior to analyses. The hair samples were pre-prepared for analysis by thorough sequential washing in order to eliminate exogenic uranium. The sample was put in a 100 ml syringe filled with detergent (Triton-X of 1% concentration) for 12 hours. The syringe with its content was thereafter put in an ultrasonic bath for 30 min with 55°C water as wave transport medium. The detergent was then cleared from the syringe through a filter to keep the hair inside the syringe. The sample was rinsed with two flushes of demineralized water and one of acetone and lastly it was dried. 
Analytical methods
Prior to radiochemical analysis traceable amounts of 232 U yield determinant was added to the samples. The water and urine samples were allowed to evaporate to near dryness on a hot plate before digestion in conc. HNO3 and aqua regia. The hair was digested in conc. HNO3 on a hot plate. The separation of uranium was performed by liquid-liquid extraction with tributyl phosphate (TBP) from a 8 M HNO3 sample solution (Holm 1984) . Competing actinides were thereafter removed from the TBP diluted in xylene by back-extraction in 5 M HCl. Finally uranium was back-extracted from TBP in demineralized water. The water phase was then evaporated to dryness after addition of 1 ml of 0.3 M NaSO4. The remaining salt was dissolved in concentrated H2SO4. The chemical yield of the radiochemical method for the sample matrices is typically 60-80%. All chemicals used were Pro Analysis quality from Merck.
Analysis
Uranium was electrodeposited onto stainless steel discs using the method as described by Hallstadius (Hallstadius 1984) . Alpha measurements were then performed using an Ortec Octête Plus alpha spectrometer equipped with Ametek -Ultra TM Alpha detectors. Typical counting times were 1-2 weeks.
ABSORPTION FACTOR,
The absorption factor was calculated as
where is the concentration of uranium measured in urine, hair and water and is the respective mass excreted or ingested during a day. The assumption that the mass of water ingested is equal to the mass of urine excreted, , , , was made. An additional assumption that each participant produces 0.1g hair per day was also made (Karpas et al. 2005a ). The usage fraction, , was used to adjust the water intake to include only their well water. In order to avoid significant contribution of uranium intake from food in the evaluation, only subjects with a uranium concentration in their drinking water exceeding 3 µg kg -1 were included in the calculation.
RESULTS
The measured concentrations of U activity ratios are 2.7, 2.5 and 2.3 for water, hair and urine respectively. The calculated values are plotted in fig. 3 . They range from 0.002 to 0.1 with a median value of 0.023. The fraction of absorbed uranium excreted per time unit in the hair to total excreted uranium was, on average, 31% (median 20%) with a standard deviation of 25%. U were higher than the world-wide average level, but not unusually high given the geographical position, the geology and the type of water supply. Granite bedrock is common in Sweden and the Östergötland County, and it is known to often result in elevated uranium concentrations in ground water. The isotopes 238 U and 234 U were shown to be in disequilibrium at all sites; the 234 U/ 238 U activity ratios ranged from 1.5 to 5.6.
As expected, the 234 U activity concentration in the hair and urine samples increased with increasing 234 U concentration in the drinking water. As seen in fig. 1 the correlation is stronger between the 234 U concentrations in water and hair than between water and urine. This implies that the measured 234 U concentration in hair better reflects the 234 U intake, assuming that the main intake of uranium is via drinking water. Such an assumption is reasonable when the concentration in the drinking water is above a few µg l -1 (Karpas et al. 2005a) . Apart from intake of water as cold and warm drinks prepared with the well water, ingesting solid foods such as potatoes and pasta boiled in the water results in uranium intake. U activity ratio close to one. However, dairy products and meat may have a ratio higher than unity. Another reason could be that the hair contains a fraction of uranium that is not endogenous, but is absorbed rather into the shafts from e.g. showering and bathing using water from the private well. This has been mentioned by (Leggett et al. 2012) and (Muikku and Heikkinen 2012) . However, hair is well known as an excretion pathway for numerous other substances. How large the fraction of exogenous uranium that remains after thorough washing needs to be investigated further, but is beyond the scope of this article.
The hair samples consist of strands longer than 5 mm. Assuming a typical growth rate of 10-15 mm per month (Krause and Foitzik 2006) they reflect the excretion over more than 2 weeks. The urine samples are collected as daily urine and conversely reflect the excretion over only one day. The hair shows the uranium concentration as a mean value over time, which is advantageous considering that the intake of uranium is often somewhat irregular. Hair is therefore preferable as a monitor of chronic exposure.
value calculations are often based on the assumption that the fraction of uranium absorbed into the blood that is not eventually excreted in the urine is negligible (ICRP 1995 , Zamora et al. 2002 . The value calculations in the present paper are based on the excretion in both urine and hair. The values show a large variation between individuals as seen in fig.  3 . One value, at 0.002, is considerably lower than the others. As seen in table 1 it belongs to subject 14B, which has a very low uranium excretion in urine in relation to the assumed uranium intake in water. The 234 U/ 238 U activity ratio of his urine also differs significantly from the ones of the water and hair. There is reason to believe that this subject has not ingested well water the day or two prior to sample collection. The fraction of the value attributed to hair excretion was 30% on average, but the inter-individual variation was large. Growth rate, hair type and color are important factors that come into play as well as the variation in the fraction of well water intake to total water intake.
The comparison between hair and urine as biomonitors of uranium intake also requires a qualitative perspective along with the quantitative described above. The possibility to use hair for chronological evaluations, i.e. to determine the uranium concentration as a function of time, is a great advantage. Segmenting the shafts manually or scanning them with LA-ICP-MS or µ-XRF, which are promising methods, could yield information on the uranium excretion for as short a period as a few days. Depending on the length of the hair, it may be possible to determine the excretion rate months or even years back. A long term variation of the intake as well as an accidental exposure of a short period can be identified. An interesting example on how single hair strands were used to determine the exposure chronology after mercury and a platinum intake is described by Stadlbauer (Stadlbauer et al. 2005) . Another advantage with the usage of hair instead of urine is the feasibility in sample collection and handling; about 0.2 g of hair versus about 1 kg of urine.
CONCLUSION
This study shows that hair is a satisfactory alternative to urine for monitoring chronic uranium intake by ingestion. The concentration of uranium in the analyzed hair samples shows a better correlation with the concentration in the subjects' drinking water than the concentration of urine. The 234 U/ 238 U activity ratios obtained also point to the fact that hair better reflects chronic intake of uranium than urine does. The results of the value calculations were in accordance with the values proposed by ICRP although an increase was seen when adding hair excretion to the calculation.
